Two reaction conditions, with different HCl and L-cysteine concentrations, allow determination of both species in real tap, well, pond, and sea water samples down to 15 ng L -1 . The LOD for a 0.5 mL sample volume was 13 ng L -1 and 15 ng L -1 for arsenite and arsenate, respectively. The precision, expressed as % relative standard deviation of the measurement of 0.5 µg L -1 As was 4.3% and 4.1% for determination of arsenite and arsenate, respectively, in 0.7 M HCl; and 3.8% and 3.6%, for the determination in 0.1 M HCl and 0.5% L-cysteine. Interferences from transition metals and hydride-forming elements were eliminated by the addition of L-cysteine. The method was evaluated by the analysis of spiked natural waters. The recoveries for 0.5 and 1 µg/L arsenite were 92-108% and 88-112%, respectively; the recoveries for 0.5 and 1 µg/L arsenate were 94-111% and 95-112%, respectively. This method was also validated by the accurate analysis of a seawater certified reference material, NASS-6, which contains 1.43 ± 0.12 µg L -1 (total arsenic). The method was applied to the analysis of a number of real water samples, none of which contained arsenic below the method detection limit. The time required per measurement was less than 4 min and the procedure consumes about 100-times less hydrochloric acid that the conventional continuous-flow procedure.
Introduction
A major source of human exposure to inorganic arsenic is naturally contaminated drinking water from wells. 1 The resulting adverse health effects are a major concern for many countries, particularly those in SE Asia where thousands are predicted to die from arsenic-induced cancers. 2 Suitable analytical techniques are needed therefore to support studies of arsenic contamination, with a particular need for the rapid, accurate and low-cost analysis of groundwater. For these kinds of samples, inorganic arsenic species predominate and organic arsenic compounds are almost never encountered, 3 and so the need is for the determination of inorganic arsenic species.
In the determination of arsenic, hydride generation (HG) is a commonly used sample introduction technique for atomic spectrometry, as it not only enhances the atom number density significantly compared to those of nebulizer techniques but also separates the analyte from potential matrix interferences. 4 The technique also has potential for speciation analysis without chromatographic (or other real) separation of the analytes, as by adjusting the reaction conditions (principally the borohydride and acid solution concentrations), speciation can be achieved by the selective conversion of one species into a volatile hydride. 5 However, due to the instability of the aqueous borohydride solutions and the significant consumption of both borohydride and acid, there is interest in the generation of hydrides from solid reagents. Maleki et al. 6 used solid sodium borohydride and solid tartaric acid to generate plumbane. Tesfalidet and Irgum 7 first reported the generation of arsine with a column packed with an anion-exchange resin in the tetrahydroborate form. Tyson and coworkers have adapted this concept as the basis of flow injection atomic absorption spectrometry methods for the determination of cadmium, 8 antimony, matrix components is decreased.
Atomic fluorescence spectrometry (AFS) is a viable detection technique for speciation
studies concerning hydride-forming elements including arsenic. 14 A search of the "Web of Science" database for the past 6 years with "atomic absorption and arsenic", "atomic fluorescence and arsenic", "ICP MS and arsenic" in the title field shows that ICP-MS and AAS are the most popular techniques, with 65 and 86 publications in the database, respectively. Over the same time period, there were 56 publications describing the determination of arsenic by AFS.
For the detection of arsenic, Heiler et al. found 15 that AFS was more precise, providing detection limits lower than those of AAS. AFS and ICP-MS have similar limits of detection for arsenic. 14, 16, 17 However AFS has advantages of much lower costs, and shorter warm-up times prior to analysis. Thus it is a viable alternative to ICP-MS or AAS, when low-cost, single-element speciation analysis with low-detection capability is needed. 16 Our methodology for inorganic arsenic speciation is based that of Gonzalvez et al., 18 who exploited the different behaviors of arsenic species in the HG reaction under two different conditions, combined with generation of arsine from reaction with a borohydride-form ion-exchanger. In general, the peak height of fluorescence intensities, I, measured under conditions A and B are related to arsenite and arsenate concentrations as follow: To the best of our knowledge, the application of immobilized tetrahydroborate for the determination of arsenic by AFS has not been previously reported. The goal was to develop a method for the accurate determination of inorganic arsenic species in natural water samples, and thus we have investigated the tolerance to interferences, measured the detection limit, and validated the method by the analyses of spiked samples and a standard reference material, NASS-6, for which we report the first speciation data. We applied the method to the analysis of a number of water (tap, well, pond and sea) samples, for none of which was the arsenic concentration below the LOD.
Experimental Reagents
All chemicals were of analytical reagent grade. All solutions were prepared in 18 MΩ cm deionized water from a Barnstead E-pure system (Barnstead, Dubuque, USA styrene-divinylbenzene structure. The certified reference material NASS-6 was purchased from the National Research Council Canada (Ottawa, Canada). Hydrogen and argon gas were delivered from compressed gas cylinders (Airgas, Salem, US).
Instrumentation
The atomic fluorescence spectrometer was a model Millennium Excalibur, (PS Analytical, Deerfield Beach, FL, USA), with a built-in Permapure dryer system (part number M025D002) and a gas-liquid separator (part number M055G003). The instrument was modified so that the flame was sustained by hydrogen from a cylinder rather than from the reaction of excess borohydride with acid in the continuous flow mode that is the normal operating procedure.
Hydrogen gas was introduced through Teflon tubing into the system by merging with the purging argon gas before they were introduced into the gas-liquid separator. The hydrogen flow rate was controlled by a needle valve (Swagelok, Cleveland, US) and measured by a soap-bubble flow meter. The operating conditions are given in Table 1 The optimum operating conditions, selected after the preliminary experiments, are given in Table   1 .
Method development Optimization
Although the figure of merit for the optimization process was maximum fluorescence peak height, boundary conditions relating to extinguishing of the flame, poor precision, and time of analysis were taken into account. The single-cycle, alternating-variable method was selected with peak height as the figure of merit to be maximized for the optimization, based on previous work. 10 Several iterations were made in order to establish the boundaries of the factor space.
Results for the final cycle are shown. The effects of borohydride concentration, the time the borohydride solution was passed through the column, the flow rate of the borohydride and carrier solution, the carrier gas flow rate, the sample acidity, and the L-cysteine concentration on the signal were investigated for 0. to 4.5 mL min -1 , and from 1.6 to 13.4 mL min -1 , respectively. Parameters were optimized for a sample solution of 1 µg L -1 arsenite. It is known that under flow injection conditions, the sensitivity for arsenite is greater than that of arsenate, and so it was expected that under whatever conditions were selected for the determination of arsenite, the sensitivity for arsenate would be lower. Even if the sensitivities were the same, this would not affect the ability of the procedure to distinguish between the two species as the basis of the method is that under a second set of conditions, the sensitivity of at least one species is different from that obtained under the first set of conditions.
Analytical performance
Under optimized conditions, calibration curves for 500 µL of 0.0, 0.3, 1. 
Interference studies
Interferences from a number of coexisting transition metals possibly present in natural water samples were investigated. The compositions of the natural water samples that were collected for this study were determined by ICP-MS, further details of which are provided in the supporting information. These metals were present in large excesses relative to the analytes. The concentrations of the potential interferences that were chosen for interference study were (a) similar to the metal concentrations found that were the highest, and (b) ten times these values.
In addition, the tolerances of the system to the hydride-active species selenite, MMA and DMA were studied. Selenite was added at concentrations that were 10 and 1000 times that of to monomethylarsonate and dimethylarsinate were also measured.
Analysis of water samples
Water from the Amherst town supply was collected, after running a tap in the laboratory for 5 min. Pond water was collected from the Campus Pond at the University of Massachusetts Amherst. The coastal seawater samples were collected at Provincetown, MA and Beverly, MA.
Well water samples were collected from private wells located in and around Amherst, MA. For the same well, one sample was collected from the tap as the first draw in the morning and the other after the tap had been run for a few minutes. After delivery to the laboratory, samples were filtered through 0.45 µm hydrophilic filters (Millipore Corporation, Billerica, MA, USA) and stored at 4 °C. All samples were also analyzed by ICP-MS for elemental concentrations. Details are provided in the supporting information.
Results and discussion:
Parameter optimization:
The effects of (a) concentration of NaBH 4 , (b) loading time of NaBH 4 , (c) carrier flow rate, (d) sample acidity, (e) carrier gas flow rate, and (f) L-cysteine concentration are shown in Fig. 2 .
Since the atomic fluorescence spectrometer is using a flame atomizer, a relatively stable gas flow is needed. As a result, the concentrations of HCl and NaBH 4 used in the HG reaction were restricted in order to product a moderate amount of H 2 gas so that the flame would not be disturbed (or extinguished). As shown in Fig. 2 , the concentrations of HCl and NaBH 4 that gave maximum signals without extinguishing the flame were 0.7 M (Fig. 2d ) and 5% (m/v) (Fig.2a) , respectively. A concentration of 5% (m/v) NaBH 4 , at a flow rate of 4.5 mL min -1 , and a loading time of 60 s were chosen as optimal. With greater amounts of borohydride on the column, the flame was unstable when the additional hydrogen was evolved. This could not be offset by decreasing the flow of hydrogen from the cylinder, as this was set at the minimum needed to sustain the flame. Studies on the effect of the carrier flow rate (Fig. 2c) showed an increase in the signal, as the carrier flow rate varied from 1.6 to 13.4 ml min -1 , and reached the maximum value at 7.5 ml min -1 .
Studies of the effect of argon flow rate, shown in Fig. 2e , showed that a maximum was obtained when the argon flow rate was set to a value of 250 ml min -1 , which is the same as suggested value by the manufacturer for conventional continuous flow HG. The slight decrease of fluorescence signal at higher carrier flow rate is considered to be the result of dilution in the gas phase.
The L-cysteine concentration was varied between 0 and 2% (m/v) in 0.1 M HCl. Fig.2f shows that 0.5% (m/v) L-cysteine, where the signal was maximized, was able to increase the arsenite fluorescence signal by a factor of about three.
The effect of acid concentration in the presence of 0.5% (m/v) L-cysteine was also studied.
The fluorescence signal, which reached the highest value at only 0.1 M HCl, was even greater than the signal for 0.7 M HCl in the absence of L-cysteine. This means that less acid is consumed when L-cysteine is added. In addition, the background signal was lower. Under the optimized conditions, up to three measurements could be made before the column had to be reloaded with NaBH 4
Analytical performance:
The equations of the calibrations and the other performance figures of merit are summarized in Table 2 . In the absence of L-cysteine (condition A), the sensitivity for arsenate was about 80% of that of arsenite, probably because of slower reaction kinetics, as the arsenate has to be reduced to arsenite by the borohydride before arsine is generated. This relative sensitivity is in accordance with the results of previous studies. 11, 13 In the presence of L-cysteine (condition B) the sensitivities for the two species were the same, which is interpreted as the complete reduction of arsenate to arsenite. At the same time, the sensitivity for arsenite was increased by 21%. By combining the equations under each condition, the intensity (peak height in arbitrary units and 53%. The interference effects of copper and iron on HG procedures are well known due to the competition between the analyte and the interferent metals for the borohydride and the decomposition of the arsine on the surfaces of metal and metal boride precipitates. 4 We have previously shown that the extent of interferences is decreased for the column reactor compared with those observed in homogeneous solution.
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The hydride-forming element, selenium in the form of selenite affected the arsenic signal when added at concentrations of 1 and 10 mg L -1 when the arsenic signals were suppressed by 22% and 63%, respectively. Interferences from selenite can be attributed to competitive reactions in which the selenite competes with the arsenic species for sodium tetrahydroborate to form hydrides. 21,22 changed When measured under the same condition (0.1 M HCl with 0.5% L-cysteine), the sensitivities for DMA and MMA are 50% and 17% of that for arsenite, respectively. The presence of these methylated compounds would constitute an interference, but as was pointed out in the introduction, 3 these compounds are not found in ground waters.
With the addition of L-cysteine, simultaneous signal enhancement and decrease of interferences has been observed previously for the determination of arsenic by other researchers. 19, 23 In our study, employing L-cysteine decreased the interference effects of from Fe(III) and Cu(II) significantly as shown in Table 3 . The mechanisms by which L-cysteine affects relevant HG (with borohydride) processes have been extensively studied by Brindle and coworkers. 19, 24 They showed that L-cysteine has a three-fold role in the determination of arsenic:
arsenate is rapidly reduced at low acid concentrations, the signal is enhanced, and interferences are decreased. 19 They have also shown, in the determination of germanium, that borohydride reacts with L-cysteine to produce a more effective hydride transfer reagent, which is less reactive towards potentially interfering transition metals. 24 The reaction of borohydride with thiols to produce a reagent with more useful reactivity has been known since 1975, 25 though the nature of the reaction product was not elucidated until 1984. 26 This work was not cited by the relevant analytical chemistry community until 2004. 27 More recently, all of the relevant chemistry has been set out in an 2011 IUPAC Technical Report, 28 in which the additional possible benefits of the reaction between arsenite and L-cysteine to form thiol compounds of the form As(SR) 3 is considered. However, the reviewers conclude that it is the formation of the L-cysteine-borohydride complex is the key to sensitivity enhancement and interference control and that pretreatment to form arsenite-thiol complexes is not necessary.
It was also found that under condition B, at least five replicate measurements could be made without reloading the column; whereas under condition A, the number of replicates was only three. This is attributed to the lower concentration of acid for condition B, which results in less consumption of borohydride.
Determination of arsenic in natural waters
The applicability of the procedure is shown by the measurement of arsenic species in all of the water samples examined. The reliability of the procedure was confirmed by the analysis of spiked natural water samples and by the analysis of the certified reference material. The results are shown in Table 4 for the fresh water samples, from which it may be seen that the recoveries ranged from 88 to 112%, indicating that arsenic can be quantitatively recovered from various fresh waters.
However, the analyses of seawater was subject to more significant interferences such that low recoveries were obtained using external calibration with standard solutions, which could be a result of both the higher ionic strength and higher iron(III) concentrations of the seawater samples, as shown in Table S2 (supporting information). To overcome the interference problem, standard additions were employed. Multiplicative interferences were assessed by comparing standard and analyte addition calibration curves. Both analytical curves showed good linearity.
The recoveries, which ranged from 94 to 98%, are shown in Table 5 . The accuracy of the method was also verified by the analysis of certified reference material NASS-6 (seawater). The resulting values for the total arsenic concentration (1.40 ± 0.03 µg L -1 , n = 3, the ± term is one standard deviation) is not significantly different from the reference value of 1.43 ± 0.12 µg L -1 . The resulting value also indicates that the dominant detectable arsenic species are arsenate and arsenite, since methylated arsenic species, such DMA and MMA, are hydride active and interfere with the arsenic fluorescence signal. To the best of our knowledge, there is no report of the arsenic speciation in NASS-6. NASS-5, which has now been replaced by NASS-6, has been in the development of arsenic speciation methods. 29 The standard addition method applied to the seawater samples could also be applied to fresh waters if interferences were significant. The metal species content of natural waters is correlated with both the composition of the sediment or mineral surface coatings 31 and microbial activity 32, 33 and can be significantly different from place to place, so it is possible that a fresh water matrix could generate non-negligible interferences.
Conclusions
As for the previous methods involving HG from a borohydride-form anion exchanger, A popular speciation strategy is to find conditions that suppress the signal of one species completely, so that selective measurement of the other species can be made, and then to convert one species to the other (or choose conditions under which both species give the same response)
so that a total measurement may be made. Such conditions may be difficult to establish. The speciation strategy adopted here only requires conditions under which the ratios of the sensitivities are different, which may be much easier to establish.
By coupling the borohydride-form anion exchanger HG system with AFS detection, a method was developed with sufficiently low detection limits for the determination inorganic arsenic species at naturally occurring concentrations in several water samples. For only one of the samples examined was the concentration below either the method LOD and or the limit of quantification (defined as the concentration giving a signal equal to ten times the standard deviation of the signal for the blank). In addition, the method is not subject to the major interference from chloride that causes inaccuracies for ICP-MS (see Table S2 in the supplemental information). Work on extending the speciation methodology to include the methylated species is in progress. *n = 9, ± terms are 95% confidence intervals
